When fibroblasts are placed within a three-dimensional collagen matrix, cell locomotion results in translocation of the flexible collagen fibrils of the matrix, a remodeling process that has been implicated in matrix morphogenesis during development and wound repair. In the current experiments, we studied formation and maturation of cell-matrix interactions under conditions in which we could distinguish local from global matrix remodeling. Local remodeling was measured by the movement of collagen-embedded beads towards the cells. Global remodeling was measured by matrix contraction. Our observations show that no direct relationship occurs between protrusion and retraction of cell extensions and collagen matrix remodeling. As fibroblasts globally remodel the collagen matrix, however, their overall morphology changes from dendritic to stellate/bipolar, and cell-matrix interactions mature from punctate to focal adhesion organization. The less well organized sites of cell-matrix interaction are sufficient for translocating collagen fibrils, and focal adhesions only form after a high degree of global remodeling occurs in the presence of growth factors. Rho kinase activity is required for maturation of fibroblast morphology and formation of focal adhesions but not for translocation of collagen fibrils.
INTRODUCTION
Form and function of multicellular organisms depends on tissue-specific programs of cell locomotion (Trinkaus, 1984) . Much of what is known about cell locomotion comes from studies of cell migration, especially of fibroblastic cells, on rigid, planar substrata. Here, cell translocation occurs through lamellipodia extension and tail retraction coordinated with formation and turnover of cell adhesions (Lauffenburger and Horwitz, 1996; Mitchison and Cramer, 1996; Sheetz et al., 1999) .
Morphologically, the most prominent sites of cell adhesion on planar surfaces are focal adhesions located beneath the cell's leading lamellipodia and in the tail region. Focal adhesions and the in vivo equivalent fibronexus junctions (Singer et al., 1984) are the paradigmatic example of integrin connection between the extracellular matrix and the internal cell cytoskeleton (Hynes, 1992; Burridge and ChrzanowskaWodnicka, 1996) . The precise role of focal adhesions in cell migration has been somewhat enigmatic, however, because their presence typically limits the capacity of cells to migrate (Burridge et al., 1988) . Indeed, the tractional force for cell migration has been shown to be exerted at nascent adhesions (Galbraith and Sheetz, 1997; Oliver et al., 1999; Beningo et al., 2001) . Nascent adhesions also can undergo tensiondependent strengthening (Wang and Ingber, 1994; Choquet et al., 1997) and mature into focal adhesions under the influence of the small G protein Rho (Clark et al., 1998; Rottner et al., 1999) and the Rho effector Rho kinase (Amano et al., 1997; Maekawa et al., 1999; Geiger and Bershadsky, 2001) . In addition, focal adhesions have been shown to move, and their movement has been implicated both in regulation of cell migration (Smilenov et al., 1999) and in fibronectin fibril formation (Pankov et al., 2000; Zamir et al., 2000) .
Compared with planar surfaces, much less is known about cell-matrix interactions in three dimensions. Fibroblasts incubated on top of three dimensional detergent-extracted embryo matrix were observed to move more rapidly in comparison with cells on planar substrata and were shown to form three-dimensional matrix adhesions whose molecular composition resembles focal adhesions with the major difference that paxillin but not focal adhesion kinase becomes phosphorylated (Cukierman et al., 2001) .
When fibroblasts are placed within three-dimensional matrices such as native collagen, cell locomotion results in translocation of the flexible collagen fibrils of the matrix. This remodeling process resembles matrix morphogenesis during development and wound repair (Bell et al., 1979; Harris et al., 1981; Grinnell, 1994; Tomasek et al., 2002) . Several different integrins can mediate collagen matrix remodeling, including ␣1␤1 (Carver et al., 1995) , ␣2␤1 (Klein et al., 1991; Schiro et al., 1991) , ␣11␤1 (Tiger et al., 2001) , and ␣v␤3 (Cooke et al., 2000) . In addition, both cellular fibronectin (Yoshizato et al., 1999) and polymerized fibronectin (Hocking et al., 2000) enhance the remodeling process, although a direct role for ␣5␤1 (fibronectin) receptors in remodeling has not been observed (Tomasek and Akiyama, 1992) .
The mechanics of how cells exert force necessary for collagen matrix remodeling is unclear. Immediately after polymerization, the collagen matrix is highly pliable and cells remodel the matrix as they begin to spread (Grinnell, 1994; Eastwood et al., 1996; Freyman et al., 2002) . As remodeling progresses, the overall mechanical properties of the matrix change, which in turn can influence the cells' tractional activity (Brown et al., 1998; Tranquillo, 1999; Grinnell, 2000; Shreiber et al., 2001) .
Because cell tractional activity had been shown to change in response to mechanical properties of the matrix, we tested whether cell adhesion would change as remodeling of the collagen matrix progressed. To carry out these studies, conditions were established in which it was possible to distinguish local from global matrix remodeling. Our observations suggest that as fibroblasts encounter resistance in the matrices during global remodeling, their overall morphology changes from dendritic to stellate/bipolar, and cell-matrix interactions mature from punctate to focal adhesion organization. The less well organized sites of cell-matrix interaction are sufficient for translocating collagen fibrils. Rho kinase activity is required for maturation of fibroblast morphology and formation of focal adhesions but not for translocation of collagen fibrils.
MATERIALS AND METHODS

Growth Factors, Inhibitors, and Antibodies
Platelet-derived growth factor (PDGF-BB) was obtained from Upstate Biotechnology (Lake Placid, NY). Lysophosphatidic acid (LPA) and bovine serum albumin (BSA) fatty acid free were obtained from SigmaAldrich (St. Louis, MO). Rho kinase inhibitor Y27632 was a generous gift from Welfide (Osaka, Japan). Rat anti-␤1 integrin (clone 9EG7) was purchased from BD PharMingen (San Diego, CA). Mouse anti-vinculin and ␣-actinin was purchase from Sigma-Aldrich. Alexa Fluor 488 goat anti-mouse and anti-rat IgG and rhodamine-conjugated phalloidin were obtained from Molecular Probes (Eugene, OR).
Cell Culture
All incubations with cells were carried out at 37°C in a humidified incubator with 5% CO 2 . Fibroblasts from human foreskin specimens (Ͻ10th passage) were maintained in 75-cm 2 tissue culture flasks (Falcon Plastics, Oxnard, CA) in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Intergen, Purchase, NY). Fibroblasts to be used for time-lapse experiments were harvested by trypsinization, washed with DMEM/10% FBS, and incubated 30 min in DMEM/1% FBS with green fluorescent protein (GFP)-adenovirus (Ad5.CMV5-GFP; Q-Biogene, Carlsbad, CA) (5500 virus particles/cell). After infection, cells were cultured in DMEM/10% FBS overnight to allow GFP expression.
To prepare collagen matrices, cells were harvested from monolayer culture with 0.25% trypsin/EDTA (Invitrogen) and washed with DMEM/10% FBS followed by DMEM. Neutralized solutions of collagen (1.5 mg/ml) containing 10 5 cells/ml (low density, LD) or 10 6 cells/ml (high density, HD) were prewarmed to 37°C for 3-4 min and then 0.2-ml samples were placed in 24-well culture plates (Corning Glassworks, Corning, NY) for contraction assays or in 35-mm glass bottom No. 0 microwell dishes (MatTek, Ashland, MA) for time-lapse observations. In the culture dishes, each aliquot of collagen occupied an area outlined by a 12-mm-diameter circular score within a well. Matrices containing cells were incubated 60 min (zero time in the figures) after which 1 ml of basal medium (DMEM, 5 mg/ml BSA) was added with 10 M LPA or 50 ng/ml PDGF added where indicated for the times shown.
Global Matrix Remodeling Measured by Contraction
At the end of the incubations, matrices in culture plates were fixed with 3% paraformaldehyde in phosphate-buffered saline (PBS) for 20 min at room temperature and washed with PBS. Matrix thickness was measured on an inverted microscope (Zeiss, Jena, Germany) equipped with dial test indicator (01-100 mm) (Mitutoyo) as described previously (Guidry and Grinnell, 1985) . Data shown are averages and SDs from triplicate samples.
Local Matrix Remodeling Measured by Embedded Bead Movement
LD matrices were prepared containing GFP-expressing fibroblasts and fluorescent carboxylated modified microspheres (Molecular Probes) as a marker for the position of collagen fibrils (Roy et al., 1997) , at a concentration of 4 ϫ 10 7 beads/ml. After medium was added, microwell dishes were placed in an environmental chamber/air stream incubator with 37°C and 5% CO 2 . Cells surrounded by 10 -15 beads in the visual field were selected to be observed. Five optical sections of the cell were made every 30 s by using a confocal laser-scanning inverted microscope (TCS-SP; Leica, Heidelberg, Germany). Laser power was selected based on preliminary experiments to avoid damaging the cells. Merging of optical sections, movie processing, and measurement of bead displacement were carried out using Openlab software (Improvision, Boston, MA).
To observe bead displacement, projections of optical sections that included the complete field recorded at different times, were artificially colored and superimposed, avoiding any shift of the image. To quantify bead displacement, the distance of the beads at each time, T1 and T2, was measured from the center of the frame, and the difference T1-T2 was calculated. Because the cell was in the center of the frame, local contraction was expected to result in centripetal movement of the beads toward the center of the field resulting in T2 Ͻ T1 everywhere in the visual field. On the other hand, a global shift in the matrix itself was expected to result in parallel translocation of the beads such that their relative movement with respect to the center of the visual field should average to zero. The appearance of halos surrounding some of the beads was a contrast artifact.
Fluorescence Microscopy
Samples were fixed for 30 min at room temperature with 3% paraformaldehyde in PBS, blocked with 1% glycine/1% BSA in PBS for 30 min. Samples to be stained for actin, ␣-actinin, or vinculin were permeabilized with 0.5% Triton X-100 in PBS for 10 min. To stain for actin, samples were incubated with rhodamine-conjugated phalloidin (8 U/ml) for 30 min followed by washes with PBS. Anti-␣-actinin, anti-vinculin, and anti-␤1 integrin were incubated with the samples for 60 min at room temperature, washed in PBS followed by 30-min incubation with Alexa-Fluor-488 anti-mouse or anti-rat IgG. After additional washes, samples were mounted on glass slides with Fluoromount G (Southern Biotechnology Associates, Birmingham, AL). Observations and micrographs were made using an inverted confocal laser-scanning microscope, and projections of optical sections were processed with TCS NT software (Leica).
RESULTS
Fibroblasts Remodel Collagen Matrices Locally or Globally Depending on Cell Number and Growth Factors
To observe changes in fibroblast adhesion as remodeling of the collagen matrix progressed, conditions were estab-lished in which the matrix remodeling process occurred at different rates. HD matrices containing 10 6 cells/ml or LD matrices containing 10 5 cells/ml were prepared and incubated in the presence of growth factors LPA or PDGF or basal medium (BSA). Global matrix remodeling, which results in matrix contraction and an increase in collagen density, was measured by decrease in matrix height (Guidry and Grinnell, 1985) . Figure 1 shows that over a 6-h period, global matrix remodeling was evident in HD matrices in the presence of LPA or PDGF. In either case, contraction was ϳ50% by 1 h and 80 -90% by 6 h (starting height ϳ1.8 -1.9 mm). Remodeling also occurred in basal medium, but the rate was slower. The small change in height in the absence of cells is a consequence of adding medium to the polymerized matrices and after 1 h was no different from matrices containing cells but without added growth factors. Contraction independent of added growth factors could be observed by 4 -6 h. Previously, it has been shown that this slower contraction in the absence of growth factors depends on an autocrine effect (Guidry and Grinnell, 1985) . Figure 1 also shows that when the cell density was reduced 10-fold to 10 5 cells/ml (LD matrices), little if any global matrix remodeling was detected. Experiments then were carried out to determine whether cells in the LD matrices caused local remodeling even though there was no change in overall collagen organization. Local matrix remodeling was measured by embedding green fluorescent protein-expressing cells and fluorescent beads in the matrix and by using time-lapse laser-scanning confocal microscopy to track cell and bead movements (Roy et al., 1997 (Roy et al., , 1999 . Figure 2 shows projections of optical sections that included the complete field recorded at 0 and 4 h, artificially colored green and red, respectively, and superimposed avoiding any shift of the image. Because the cell was in the center of the frame, local contraction was expected to result in centripetal movement of the beads toward the center of the field, whereas a global shift in the matrix itself was expected to result in parallel translocation of the beads.
In medium containing PDGF or LPA, red beads were closer than green beads to the center everywhere in the visual field, demonstrating a significant contraction of collagen toward the cell. Much less bead movement was seen, however, in DMEM/ BSA medium, indicating that little collagen translocation occurred in the absence of growth factors. Cell bodies also showed a small degree of translocation during the incubation period, which tended to be greatest in PDGF-containing medium.
Visual observations were quantified by measuring the distances between the beads and the center of the visual field and calculating T 1 (0 h) Ϫ T 2 (4 h). Table 1 shows the results compared with no cell controls. Average bead movement toward the center of the field was ϳ3.5 m in LPA-containing medium and ϳ5 m in PDGF-containing medium, but close to zero in cell-free controls and in basal medium. These results were analogous to global remodeling of HD matrices after 1 h, in which case cell-dependent contraction occurred in LPA-or PDGF-containing medium but not in the absence of growth factors. An autocrine effect similar to that observed in HD matrices was not detected, probably because of the low cell number.
In the presence of PDGF, movement of beads toward the cells occurred in a unidirectional manner. In the presence of LPA, bead movement occurred in two waves, shown visually in Figure 3 and quantified in Table 2 . The first wave occurred rapidly after addition of LPA; this corresponds to the time when the cells retract their dendritic network of extensions in response to LPA ( Figure 4A ). From 9Ј to 14Ј, average bead displacement toward the cells was 1.5 m. Subsequently (19Ј-32Ј), bead movement stopped or even reversed direction slightly. Bead displacement toward the cells began again around 1 h and averaged ϳ1 m from 63Ј to 101Ј. During this time, the cells were just beginning to develop extensions. As new extensions formed, average bead displacement became larger, ϳ2.4 m from 163Ј to 207Ј. These data indicated that there was no simple and direct relationship between formation or retraction of fibroblast extensions and the matrix-remodeling process.
Cell Morphology Differs in LD and HD Matrices
The foregoing experiments established conditions in which fibroblasts remodeled collagen matrices either locally or glo- Figure 1 . Global remodeling of collagen matrices. HD matrices (Ⅺ), LD matrices (f), or matrices without cells (✕) were incubated for the times shown in basal medium (BSA) or medium containing LPA or PDGF. At the end of the incubations, contraction was determined by measuring reduction in cell height. In the presence of LPA or PDGF, matrix contraction was ϳ50% by 1 h and 80 -90% by 6 h (starting height ϳ1.8 -1.9 mm). In basal medium, the rate of contraction was slower with little contraction observed after 1 h and only 60 -70% by 6 h. Studies were carried out in triplicate. SDs were smaller than the size of the points.
Cell Adhesion during Matrix Remodeling Vol. 13, November 2002 bally depending on cell number and the presence of growth factors. Studies then were carried out to compare cell morphology and cell-matrix interactions under these different conditions. Figure 4A shows overall cell morphology after 1 h as visualized by phalloidin staining for actin. In LD matrices, cells in basal medium (DMEM/BSA) or PDGFcontaining medium were surrounded by a dendritic network of cell extensions. The extensions were highly dynamic structures, observed by time-lapse microscopy to undergo continual protrusion and withdrawal through the matrix. Addition of LPA to cells in LD matrices, on the other hand, caused cells to retract their extensions. This retraction process, which depends on Rho and Rho kinase, is the subject of a different study (Grinnell et al., unpublished data) . Figure 4B shows that after 4 h the network of extensions around cells in LD matrices had increased in size and complexity in basal medium (DMEM/BSA) or PDGF medium. In addition, short extensions reappeared in cells in LPA medium. Figure 4 , A and B, also show that fibroblasts in HD matrices, which had undergone substantial matrix remodeling and contraction by 1 h (Figure 1 ), developed more prominent extensions than cells in LD matrices. By 4 h, these extensions had thickened and simplified giving the cells a more stellate appearance in PDGF or basal medium or bipolar appearance in LPA-containing medium. Also, cells in PDGF-and LPA-containing medium began to develop actin stress fibers by 1 h, and these structures were found in most cells after 4 h ( Figure 5B ). These results suggested that as global matrix remodeling occurred, increased stiffness permitted the matrix to begin to resist the cells, in response to which the cells began to develop isometric tension and make the transition from dendritic to stellate/bipolar morphology. In contrast, cells in LD matrices, which do not undergo global remodeling, retain their dendritic appearance after 4 h and do not make the morphological transition. Measurements were made on images in Figure 2 , as well as control matrices with no cells. Positive bead displacement reflects centripetal movement of the beads towards the center of the visual field during the 4-hr interval of the experiment. Student's t-Test was used for statistical comparison of each condition compared to no-cell controls. Measurements were made on images in Figure 3 . Positive bead displacement reflects centripetal movement of the beads towards the center of the visual field during the time interval of the experiment. Number of beads measured at each time ϭ 14.
Focal Adhesions Develop within 4 h in Cells in HD Matrices in the Presence of Growth Factors
Experiments also were carried out to assess formation of focal adhesions in LD and HD matrices. Vinculin has been used as a marker for focal adhesion formation by fibroblasts in collagen matrices (Vaughan et al., 2000) . The distribution of vinculin and actin in human fibroblasts in HD and LD matrices is shown in Figure 5 , A (1 h) and B (4 h). Streaks of vinculin and short actin stress fibers were observed at the tips of cell extensions in HD matrices after 1 h in medium containing LPA or PDGF ( Figure 5A ). By 4 h, vinculin streaks were more prominent and widely distributed over the extensions ( Figure 5B ). In addition, actin stress fibers increased in length and seemed to insert into focal adhesions. In basal medium (DMEM/BSA), on the other hand, vinculin staining tended to be diffuse and no actin stress fibers were evident. Rather than streaks, Figure 5 , A and B, show that fibroblasts in LD matrices only had diffuse vinculin staining. The large punctuate spots of vinculin in LPA-stimulated cells ( Figure 5A ) might have been related to cell-blebbing activity, which was observed in the cells at this time. Actin stress fibers were undetectable in LD matrices after 1 h, but they did begin to develop after 4 h in medium containing LPA or PDGF. These results provided further evidence that the switch in fibroblast morphology during matrix remodeling reflected development of isometric tension within the cells. Significant matrix remodeling, however, seemed to be required before focal adhesions formed.
Ligand-occupied ␤1 Integrin Localizes around the Cell Body and along Cell Extensions
The distribution of ␤1 integrins on fibroblasts in HD and LD matrices was studied using antibody 9EG7, which is specific for the ligand-occupied receptor (Bazzoni et al., 1995) . Staining was carried out using nonpermeabilized cells so that only cell surface receptors would be detected. Figure 6 , A (1 h) and B (4 h) show that ligand-occupied ␤1 integrin could be detected on the cell body and extensions of fibroblasts in LD and HD matrices with or without growth factors. In LD matrices, the distribution was predominantly punctate after 1 h with some linear arrays evident by 4 h. Therefore, local matrix remodeling occurred under conditions when the punctate organization of ␤1 integrins predominated. Integrin occupancy alone, however, was not sufficient for remodeling because the punctate distribution of occupied integrins also occurred on cells in basal medium but there was much less matrix remodeling. In HD matrices, as was the case for actin and vinculin, linear arrays and streaks of integrins were visible by 4 h in LPA-or PDGF-containing medium, providing further evidence that focal adhesions formed under the latter conditions.
␣-Actinin Localizes in a Punctate Distribution along Extensions of Cells in HD and LD Matrices and along Actin Stress Fibers of Cells in HD Matrices Stimulated with LPA or PDGF
Studies also were carried out to determine the distribution of ␣-actinin, which can associate with both integrins and the Morphology of fibroblasts in LD and HD matrices after 1 h. LD matrices and HD matrices were incubated for 1 h in basal medium (BSA) or medium containing LPA or PDGF. At the end of the incubations, samples were fixed and stained for actin. Cells in matrices in basal medium or PDGF-containing medium formed a dendritic network of cell extensions. In LPA-containing medium these extensions were retracted completely in LD matrices and partly in HD matrices. In HD matrices and PDGF or LPA medium, actin stress fibers were evident. Bar, 17 m. (B) Morphology of fibroblasts in LD and HD matrices after 4 h. LD matrices and HD matrices were incubated for 4 h in basal medium or medium containing LPA or PDGF. At the end of the incubations, samples were fixed and stained for actin. In LD matrices, cells in basal medium or PDGF-containing medium extended further the dendritic network of cell extensions. In LPA-containing medium, small extensions reappeared and tended to be organized in a bipolar manner in contrast to the circumferential distribution of extensions around cells in basal or PDGF medium. In HD matrices, cells became stellate or bipolar and contained stressed fibers in PDGF-and LPA-containing medium. Bar, 17 m. actin cytoskeleton (Edlund et al., 2001; Laukaitis et al., 2001) . Figure 7 shows that ␣-actinin staining accumulated at the tips of cell extensions in both LD and HD matrices, but staining was more evident in LPA or PDGF than basal medium (DMEM/BSA). In addition, in HD matrices, the ␣-actinin staining pattern of the extensions became organized into linear streaks after 4 h and localized along actin stress fibers (our unpublished data).
Blocking Rho Kinase Prevents Formation of Focal Adhesions and Stress Fibers but Only Partially Inhibits Global Remodeling of HD Matrices
Finally, studies were carried out to determine the effects of the Rho kinase inhibitor Y27632 (Narumiya et al., 2000) on fibroblast morphology and adhesion in HD matrices as well as matrix remodeling. As mentioned in the INTRO- Figure 8 shows that in the presence of the Rho kinase inhibitor, cells in HD matrices after 4 h were still surrounded by the dendritic network of cell extensions even in the presence of LPA. Actin stress fibers and streaks of vinculin staining were absent, indicating that both the stellate/bipolar morphology and formation of focal adhesions had been inhibited. On the other hand, as shown in Figure 9 , substantial global matrix remodeling occurred with LPA-or PDGFcontaining medium in the presence of the Rho kinase inhibitor. This finding provided direct evidence for previous observations that focal adhesions and stress fibers were a consequence and not a prerequisite for global matrix remodeling.
DISCUSSION
The collagen matrix-remodeling process has been implicated in matrix morphogenesis during development and wound repair (Bell et al., 1979; Harris et al., 1981; Grinnell, 1994; Tomasek et al., 2002) . Immediately after polymerization, the collagen matrix is highly pliable and cells remodel the matrix as they begin to spread (Grinnell, 1994; Eastwood et al., 1996; Freyman et al., 2002) . As remodeling progresses, the overall mechanical properties of the matrix change, which in turn can influence the cells' tractional activity (Brown et al., 1998; Tranquillo, 1999; Grinnell, 2000; Shreiber et al., 2001) . Because cell tractional activity had been shown to change in response to mechanical properties of the matrix, we tested whether cell ad- LD matrices and HD matrices were incubated for 1 h in basal medium (BSA) or medium containing LPA or PDGF. At the end of the incubations, samples were fixed and stained for actin and vinculin. Fibroblasts in LD matrices had diffuse vinculin staining. The large punctate spots of vinculin in cells stimulated by LPA might have been related to cellblebbing activity. Actin stress fibers were undetectable. Cells in HD matrices had streaks of vinculin and short actin stress fibers at the tips of cell extensions in medium containing LPA or PDGF. Bar, 7 m. (B) Codistribution of vinculin and actin in fibroblasts in LD and HD matrices after 4 h. LD matrices and HD matrices were incubated for 4 h in basal medium containing LPA or PDGF. At the end of the incubations, samples were fixed and stained for actin and vinculin. In LD matrices after 1 h, vinculin staining was diffuse. In HD matrices and PDGF or LPA medium, vinculin streaks were prominent and widely distributed over the extensions, and actin stress fibers seemed to insert into the focal adhesions. Bar, 7 m.
hesion would change as remodeling of the collagen matrix progressed.
Global remodeling of collagen matrices was quantified by measuring matrix height and occurred in HD matrices in a cell and growth factor-dependent manner, consistent with previous findings (Guidry and Grinnell, 1985) . Slower remodeling of HD matrices observed after 4 -6 h in the absence of added growth factors is thought to depend on cellular autocrine activity (Guidry and Grinnell, 1985) . To assess local remodeling, observations were made on the movement of collagen-embedded beads, an adaptation of the method used to measure the ability of individual cells to exert force on collagen fibrils (Roy et al., 1997 (Roy et al., , 1999 . LD matrices (10-fold reduced cell density compared with HD matrices) underwent local remodeling but little global remodeling. Like global matrix remodeling, local remodeling was cell and growth factor dependent, consistent with findings reported by others (Kolodney and Elson, 1993; Roy et al., 1999) .
Analysis of cell morphology in LD matrices, which caused only local matrix remodeling, demonstrated that there was no direct relationship between local remodeling and protrusion or retraction of cell extensions. That is, bead translocation occurred when extensions were retracted as in the case of LPA or protruded as in the case of PDGF. On the other hand, protrusion and movement of the extensions alone, which was observed in basal medium, were not sufficient for remodeling. Moreover, in the absence of global matrix remodeling, cells in LD matrices did not undergo the transition from dendritic to stellate/bipolar shape or formation of focal adhesions.
In HD matrices, on the other hand, several changes occurred that could be attributed to global matrix remodeling. One of these was the overall increase in the size of cell extensions, which probably is the three-dimensional equivalent of the observation that on planar, flexible surfaces, fibroblasts spread more as the surface becomes less compliant (Pelham and Wang, 1997) . Another was the different response by cells to the addition of LPA. Rather than retraction of extensions, increased resistance provided by the matrix resulted in stabilization of attached cell processes in the extended condition. This difference has been described in detail elsewhere (Grinnell et al., unpublished data) . Finally, as discussed in more detail below, cells in HD matrices underwent a transition to stellate/bipolar morphology and developed stress fibers and focal adhesions. integrin in fibroblasts in LD and HD matrices after 1 h. LD matrices and HD matrices were incubated for 1 h in basal medium (BSA) or medium containing LPA or PDGF. At the end of the incubations, samples were fixed and stained for ␤1 integrin. Ligandoccupied ␤1 integrin could be detected in a punctate distribution on the cell body and extensions of fibroblasts in LD and HD matrices with or without growth factors. Bar, 10 m. (B) Distribution of ␤1 integrin in fibroblasts in HD and LD matrices after 4 h. HD matrices and LD matrices were incubated for 4 h in basal medium or medium containing LPA or PDGF. At the end of the incubations, samples were fixed and stained for ␤1 integrin. In LD matrices, some linear arrays of ␤1 integrin were evident by 4 h. In HD matrices, linear arrays and streaks resembling focal adhesions occurred by 4 h in LPA-or PDGF-containing medium. Bar, 10 m.
In general, the extensions of dendritic fibroblasts in LD matrices or in HD matrices in the absence of growth factors were associated with an actin meshwork and punctate distribution of occupied ␤1 integrin receptors. Therefore, adhesive interactions of dendritic extensions seemed to be weak and under little tension (compared with focal adhesions). Nevertheless, these binding interactions were sufficient for local remodeling of collagen matrix as long as growth factors were present. It should be noted that several different ␤1 integrins have been implicated in matrix contraction (Klein et al., 1991; Schiro et al., 1991; Carver et al., 1995; Cooke et al., 2000) . At present, we have no way of distinguishing which of the occupied ␤1 integrins observed in the punctate distribution was actually involved in remodeling. Integrin occupancy alone was not sufficient for remodeling, however, because we observed a punctate distribution of occupied integrins on cells in basal medium, but there was less matrix remodeling under these conditions. Staining of ␣-actinin, which can link integrins and the cell cytoskeleton (Edlund et al., 2001; Laukaitis et al., 2001; Rajfur et al., 2002) , also was reduced in basal medium, so it may be that linkage between occupied integrins and components of cell cytoskeleton was compromised in the absence of growth factors.
In HD matrices, concomitant with global remodeling, fibroblast extensions seemed to reorganize and simplify over time. After 4 h, cells in PDGF medium appeared stellate, whereas cells in LPA medium tended to become bipolar. Previous studies on fibroblasts in collagen matrices often have emphasized the bipolar morphology of cells (Elsdale and Bard, 1972; Tomasek and Hay, 1984) , which might be a response to the LPA in serum. In any case, the difference in cell shape in PDGF-compared with LPA-containing medium suggests that there is some type of topographic specificity in the cellular signaling systems responsive to these growth factors. In addition, along with the change in morphology, cell adhesion sites reorganized, resulting in the appearance of prominent focal adhesions containing vinculin and ␤1 integrins and associated actin stress fibers and ␣-actinin.
For focal adhesions to develop, substratum stiffness has to be able to resist the force that the cells exert. Therefore, the stiffness of newly polymerized collagen matrices was not sufficient to permit development of focal adhesions. Once sufficient collagen matrix remodeling occurred, however, it was possible to observe the transition from punctate to focal adhesions. Inhibiting Rho kinase blocked formation of focal adhesions by cells in collagen matrices and the cell transition from dendritic to stellate/bipolar morphology, consistent with the observation that tension-dependent adhesion strengthening resulting in formation of focal adhesions, depends on Rho kinase (Amano et al., 1997; Maekawa et al., 1999; Geiger and Bershadsky, 2001 ). Distribution of ␣-actinin in fibroblasts in LD and HD matrices after 1 or 4 h. HD matrices and LD matrices were incubated for 1 or 4 h in basal medium (BSA) or medium containing LPA or PDGF. At the end of the incubations, samples were fixed and stained for ␣-actinin. ␣-Actinin staining accumulated at the tips of cell extensions in both LD and HD matrices, but staining was more evident in LPA or PDGF than basal medium. In HD matrices, the ␣-actinin staining pattern of the extensions became organized into linear streaks after 4 h. Bar, 7 m.
Despite preventing the transition in cell morphology and adhesion, inhibition of Rho kinase only partially prevented collagen matrix remodeling. Therefore, the question remains as to the identity of the motor mechanism required for collagen matrix remodeling. Fibroblasts can bend individual collagen fibrils bound to their surfaces, which has been postulated to occur by movement of integrin relative to each other (Lee and Loeser, 1999) . Also, collagen beads bound to integrin receptors have been shown to translocate along the cell surface and eventually are phagocytosed (Lee et al., 1996) . In neither case, however, has the motor mechanism responsible for translocation been identified. In fibroblasts and smooth muscle cells on planar surfaces, it has been reported that myosin phosphorylation and cell contractile activity can be independently stimulated by myosin light chain kinase and Rho kinase in different topographic regions of the cells (Totsukawa et al., 2000; Katoh et al., 2001; Miyazaki et al., 2002) . Also, maturation of focal adhesions in size has been attributed in part to ␣-smooth muscle actin (Dugina et al., 2001) . One possibility is that the cellular contractile activity required for collagen matrix remodeling switches from Rho kinase independent to Rho-kinase dependent as the stiffness of the matrix increases. This would explain why remodeling becomes completely dependent on Rho kinase activity in matrices that already have undergone sufficient remodeling so as to develop isometric tension (Parizi et al., 2000; Yanase et al., 2000) .
In summary, our studies provide new evidence in support of the notion that the mechanism of force generation in collagen matrix remodeling varies with matrix resistance (Grinnell, 2000) . The results suggest that as fibroblasts encounter resistance in the matrices, their morphology changes from dendritic to stellate/bipolar, and cell-matrix interactions mature from punctate to focal adhesion organization. The less well organized sites of cell-matrix interaction are sufficient for translocating collagen fibrils, and focal adhesions only form after a high degree of global matrix remod- Figure 8 . Effect of Rho kinase inhibitor on codistribution of vinculin and actin in fibroblasts in HD matrices after 4 h. HD matrices were incubated for 4 h in basal medium (BSA) or medium containing LPA or PDGF in the presence of Rho kinase inhibitor Y27632 (10 M). At the end of the incubations, samples were fixed and stained for actin and vinculin. Maturation of cells from the dendritic network of extensions to stellate/bipolar appearance was completely blocked and actin stress fibers and streaks of vinculin staining were absent. Bar, 7 m. Figure 9 . Effect of Rho kinase inhibitor on global remodeling of collagen matrices in the presence of Rho kinase inhibitor. HD matrices were incubated for the times shown in basal medium (BSA) or medium containing LPA or PDGF (Ⅺ) or plus Rho kinase inhibitor Y27632 (10 M) (f). At the end of the incubations, contraction was determined by measuring cell height. Addition of Y27632 inhibited global remodeling in basal medium almost completely but only partly reduced remodeling in LPA and PDGF medium. Studies were carried out in triplicate. Data show averages and SDs (most of which were smaller than the size of the points).
eling occurs in the presence of growth factors. Rho kinase activity is required for maturation of fibroblast morphology and formation of focal adhesions but not for translocation of collagen fibrils.
